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EFFECT OF IMXT FZOW DISTORTION ON COMPRESSOR 

STALL AM) ACCEZERATION CHARACTERISTICS 

OF A J65-B-3 TURBOJET ENGINE 

By David B. Fenn  and  Joseph N. S ivo  

SUMMARY 
0 

An i n v e s t i g a t i o n  was conducted t o   d e t e r m i n e   t h e  effects o f   i n l e t  
flow d i s t o r t i o n  on the compressor stall and eng ine   acce le ra t ion  charac- 
t e r i s t i c s   o f  a J65-B-3 turbojet  engine.  A s i n u s o i d a l   c i r c u m f e r e n t i a l  
d i s t o r t i o n   a n d  two a b r u p t   r a d i a l   t i p  f l o w  d i s t o r t i o n s  w e r e  introduced 
at the eng iae  inlet at  a l t i t u d e s  of 15,000, 35,000, and 50,000 feet and 
a f l i g h t  Mach number of 0.8. All the  inlet  flow d i s t o r t i o n s   i n v e s t € -  
gated had t o t a l - p r e s s u r e   v a r i a t i o n s  of about 20 percent   o f  the  area- 
weighted average fnlet t o t a l   p r e s s u r e  at  rated cor rec ted   engine  speed. 

m 

T h e   c i r c u m f e r e n t i a l   d i a t o r t i a n  decreased the compressor -s ta l l  pres- 
s u r e   r a t i o ,  the s i z e   o f  the Fuel  step required for stall, and the stall- 
limited maxFmum a c c e l e r a t i o n  rate of the engine,  primarily at high cor-  
rected engine speeds. The radfal d i s t o r t i o n s  decreased these parameters 
p r i m a r i l y  at  Low correc ted   engine  speeds near  the knee in the  stall l i n e  
w h e r e   t h e   t o t a l - p r e s s u r e   v a r i a t i o n  of  t h e   d i s t o r t i o n  was only about 7 
pe rcen t .   Th i s  relatively s m a l l  radial d i s t o r t i o n   i n c r e a s e d  the huh- 
speed limit o f   r o t a t i n g  s ta l l  from 6200 to 6550 r p m  and r e s u l t e d  in a 
5 0 - p e r c e n t   r e d u c t i o n   i n   t h e   s t a l l - l i m i t e d  maximum a c c e l e r a t i o n  rate at 
6550 rpm. For Fuel s t e p s  less than that r e q u i r e d   t o  stdl the engine,  
the maximum a c c e l e r a t i o n  rate obtained during a t r a n s i e n t  was f m n d  t o  
be independent of  t h e   i n l e t  flow d i s t o r t i o n s   F n v e s t i g a t e d .  

INTRODUCTION 

Nonuniform d i s t r i b u t i o n s  of t o t a l  p re s su re  or air  flow at the i n l e t  
of a t u r b o j e t   e n g i n e   c a n   r e s u l t  from severe  bends,   shock-wave  inter-  

speed f l igh t  maneuvers where h igh  angles of a t t a c k   o r   raw are encountered 
c a n   a l s o   c a u s e   i n l e t   p r e s s u r e   d i s t o r t i o n s .   S u c h   I n l e t  pressure d i s -  

- a c t i o n ,   o r   e x c e s s i v e l y  rapid d i f f u s i o n  Fn the i n l e t   d u c t i n g .  High- 
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found t o   v a r y  between 5 and 20 p e r c e n t   i n   b o t h  radial .  and .   c i r cumfaen-  
t i a l  d i rec t ions .   These   d i s tor t ions   can   Impose  large p e n a l t i e s   i n   e n g i n e  
per formance   ( re f .  1) and may r e s u l t  in compressor stall, combuetor blow- 
o u t ,   o r   e v e n   s t r u c t u r a l   f a i l u r e  of the e r i i n e  (ref ." 2)  . ' 

As p a r t  of a g e n e r a l  program at the  NACA Lewis.labor-atory,  the 
e f f e c t s  of radial a n d   c i r c u m f e r e n t i a l   i n l e t - p e a s u r e   d i s t o r t i o n s  on t h e  
stall and a c c e l e r a t i o n  characteristics of a J65-B-3 t u r b o j e t   e n g i n e  were 
determined i n  an a l t i t u d e  test  chamber. Two radial d i s t o r t i o n s  wLth the 0 
low-pressure  region a t  the t i p  s e c t i o n  of the compressor and one  s inus-  I- 

o i d a l   c i r c u m f e r e n t i a l   d i s t o r t i o n  were  i n t r o d u c e d   i n t o  the engine  by 
b l o c k i n g   p o r t i o n s  .of the i n l e t   d u c t  w i t h  fine-mesh w i r e  ecreens .  Data 
were obta ined  w i t h  the rated &&st nozz le  a t -  s imuilated  'a i t i tuhes of 
15,000, 35,000, and 50,000 feet and a fl ight Mach number of 0.8 over a 
r a n g s o f   c o r r e c t e d   e n g i n e  speeds from 5000 t o  9000 rpm. The  compressor 
p r e s s u r e   r a t i o  a t  stall, the maiimum a c c e l e r a t i o n  rate o f  the engine 
d u r i n g   f u e l - f l o w   t r a n s i e n t s ,  . s . 0  . . the step i nc reaee  oP' fuel flow r e q u i r e d  
t o  stall the compressor were determined with each   conf igu ra t ion .  

rT) 

lo 
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APPARATUS 

Engine 

The J65-B-3 tu rbo je t   eng ine  used i n  this i n v e s t i g a t i o n  ( f ig .  I) has 
a 13-stage axial-flow compressor, an annular   prevaporizing-type com- 
bustor ,   and a two-stage  turbine.   The engine 2sa6 equipped with a fixed 
exhaus t   nozz le   e i zed  to g ive  rated exhaust gas t empera ture  ( l l 6 8 O  F) at 
r a t ed   eng ine  speed (8300 r p m )  a t  sea-level static cond i t ione .  The rated 
engine  air f low a t  these cond i t ions  is U8 pounds per second.  The fuel 
used  throughout this i n v e s t i g a t i o n  was MIL-F-5624A grade Jp-4. 

. .  

Installation 

The engine was i n s t a l l e d   i n   a n   a l t i t u d e  t e s t  chamber as shown i n  
f i g u r e  1. A bulkhead with a l a b y r i n t h  seal around the front ai? the en- 
g i n e  was u s e d   t o  allow independent contr-ol of the i n l e t  and  exhaust . 
pressures. The l a b o r a t o r y  air systems w e r e  used t o   s u p p l y  air t o  the 
engine  and t o  remove the exhaus t  gases. An automatic   rapid-response 
v a l v e  was mounted i n   t h e   f r o n t   b u l k h e a d   t o   m a i n t a i n   c o n s t g n t   i n l e t  tot@. 
pressure d u r i n g   e n g i n e   a c c e l e r a t i o n s .  An e l e c t r o n i c a l l y   c o n t r o l l e d  
rapid-response fuel va lve  (ref. 3) w&8 used - t o  approximate step change8 
i n   e n g i n e  fuel flow. 
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I n l e t   D i s t o r t i o n   S c r e e n s  
I -  

I n l e t  f l o w  d i s t o r t i o n s  w e r e  i n t r o d u c e d   i n t o  the engine by b lock  m3 
p o r t i o n s   o f   i n l e t   d u c t   w i t h   f i n e - m e s h  wire sc reens  as shown in f i g u r e  2.  
A 1/4-inch mesh screen  covered the e n t i r e   i n l e t  annulus 39 inches-ahead 
of the i n l e t   g u i d e   v a n e s   f o r  both the und i s to r t ed   and   d i s to r t ed   conf ig -  
u r a t i o n s  and suppor t ed   t he  fine-mesh d i s t o r t i o n   s c r e e n s .   F o r  the r ad i -  
a l  d i s t o r t i o n s  the fine-mesh screens were placed s o  that a low-pressure 
reg ion  existed at  .the hlade tip s e c t i o n  of t h e  compressor fnlet. Two 

M 

cn 4 radial d i s t o r t i o n s  were  inves t iga ted :   one   wi th  the 1ow-pressure.region 
0 cover ing  approximately 30 pe rcen t  of the passage height at the i n l e t  

guide  vanes and the o the r   cove r ing  50 percent .   These  two  configura-  
t i o n s  are referred to as "30-percent-blockage radial" and "SO-percent- 
blockage radial" d i s t o r t i o n s .  i n  th is  r e p o r t .  To p reven t  the r a d i a l  
d i s t o r t i o n s  from "washing  out"  between the screen  and the compressor 
i n z e t ,  a s p l i t t e r   d u c t  that wa6 concen t r i c  with the e n g i n e   c e n t e r l i n e  

w e r e  placed as shown i n  f i g u r e  2(b) t o  give a gradual v a r i a t i o n  of t o -  
- was used.  For the c i r c u m f e r e n t i a l   d i s t o r t i o n   e i g h t   s c r e e n  sefguents 

A 

P 
t d V  
o tal p r e s s u r e  esound the compresso r   i n l e t .  

r;' 
M Ins t rumenta t ion  u 

The l o c a t i o n  and amount of ins t rumenta t ion   used   dur ing  this bves -  
t i g a t i o n  are sham in figure 3. Steady- s t a t e  pressures w e r e  measured 
n i th  manometers  and were photo@;raphical ly   recorded.   Self-balancing 
poten t iometers  were used t o  measure teqeratures, and   s teady-s ta te  fuel 
flow was measured with calibrated ro tameters .  Changes in t o t a l  pressure 
dur ing  engine t r a n s i e n t s  were  measured with calibrated anero id- type  
p res su re   t r ansduce r s   hav ing   s t r a in -gage   e l emen t s .  Fuel-flow changes 
w e r e  measured  with calibrated vane-type flow meters, and  engine speed 
was measured  with a maeetic p u l s e   g e n e r a t o r .  A s i x - c h a n n e l   s t r i p -  
chart r eco rde r  was u s e d   t o   r e c o r d  the output  t5f all t r a n s i e n t   I n s t r u -  
mentat ion.  The chart  speed   u sed   fo r   mos t   o f  the t r a n s i e n t s  was 25 m i l -  
limeters per second. The f requency   response  .of the t r a n s i e n t   p r e s s u r e  
in s t rumen ta t ion  w a s  on the  o rde r  of  20 cps .  However, these ins t ruments  
would respond t o   f r e q u e n c i e s  of 75 cps w i t h  some r educ t ion  in amplitude. 
All t r a n s i e n t   i n s t r u m e n t a t i o n  was calibrated a g a i n s t  steady-state 
ins t rumenta t ion .  

The f l igh t  condi t . ions selected for  th i s  i n v e s t i g a t i o n  are p resen t -  
c ed f o r   e a c h   c o n f i g u r a t i o n   i n   t h e   f o l l o w i n g  table: 
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I I A l t i t u d e ,  f t  I 

None d d d 
30-Percent-blockage radial d I/ d 
50-Percent-blockage radial 

%let  temperature  var ied  from 70' t o  85' F. 
'NACA standard  temperature .  

All conf igu ra t ions  were operated at NACA s tandard   p ressure  at a 
simulated f l ight  Mach number of 0.8 assuming  100-percent   total -pressure 
recovery i n  the p o r t i o n  of the i n l e t   d u c t  having only the 1/4-inch mesh 
screen .  A t  each f l igh t  condi t ion  the engine was operated with the fixed 
exhaust   nozzle   over  a range of cor rec ted   engine   speeds  From 5000 r p m  
t o  the maximum allowable.   The  speed  range was divided i n t o  500-rpm i n -  
crements, and a t  each base speed   success ive ly  larger s t e p   i n c r e a s e s   i n  
f u e l   f l o w  were made u n t i l  compressor stall wa8 encountered.  The engine 
was allowed t o   a c c e l e r a t e  mly about  1000 r p m  f o r  each f ie1  s t e p  be- 
cause  of e i ther  high tu rb ine -ou t l e t   t empera tu re  or manometer-board lim- 
i t a t i o n s .  However, the maximum a c c e l e r a t i o n  rate followfng a f u e l  etep 
occurs   wi th in   the  f irst  few kundred rpm of  the a c c e l e r a t i o n  (see ref. 4) ,  
a n d   t h i s   p o i n t  was selected f o r  comparison of t he   conf igu ra t ions   i nves -  
tigated. The a c c e l e r a t i o n  rate of t h e . e n g f n e  wa6 determined f'rom the 
s lope   o f  the  engine-speed trace. The symlmI-6 used throughout this re- 
p o r t  are de f ined   i n  t he  appendix.  . . .  

.. . 

RESULTS AND DISCUSSION 

D e f i n i t i o n  of Inlet Flow D i s t o r t i o n s  

The t o t a l -  a n d   s t a t i c - p r e s s u r e   p r o f i l e s  of the c i r cumfe ren t i a l  
d i s t o r t i o n   o b t a i n e d   w i t h   t h e   e n g i n e   o p e r a t i n g  at rated cor rec t ed  speed 
at a n   a l t i t u d e  of 35,000 fee t  and a f l i g h t  Mach number of 0.8 axe pre- 
s e n t e d   i n  figure 4 .  The c i r c u m f e r e n t i a l   d i s t o r t i o n   c o n s i s t e d  of a e tep-  
wise v a r i a t i o n  i n  t o t a l   p r e s s u r e   a r o u n d  the d u c t  . (f ig.  4(a) ) . The mag- 
n i t u d e  of  t h e   t o t a l - p r e s s u r e   v a r i a t i o n  was about  19 pe rcen t  of t h e  area- 
weighted  average inlet to ta l   p ressure . .   These . .p rpfFles  were measured at 
s t a t i o n  2, which was 1% inches ahead of the in le t   gu ide   vanee   and  ap- 

proxFmately half'way between the screens  and the guide  vanes.   This cir- 
cumfe ren t i a l   d i s to r t ion   caused  a va r i a t ion   i n   compresso r - in l e t   ve loc i ty  
from 525 feet per   second  in  the unblocked  port ion of t h e   d u c k t o  260 
feet per second  behind t h e  maximum blockage. ' Because o f  . t h i s   v e l o c i t y  
d i f f e rence  and t h e  static-pressure g rad ien t  measured a t . s e t i o n  2 

5 

0 

Kl 
2 
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( f ig .  4 ( b ) ) ,  t h e   c i r c u m f e r e n t i a l   d i s t o r t i o n  was probab ly   a t t enua ted  t o  .. some exten t   be tween  s ta t ion  2 a n d   t h e   i n l e t   g u i d e   v a n e s .  

The t o t a l -   a n d   s t a t i c - p r e s s u r e   p r o f i l e s   o f ' t h e   3 0 - p e r c e n t - b l o c k a g e  
radial d i s t o r t i o n  measured   wi th   the   engine   opera t ing  a t  r a t e d  corrected 
engine  speed a t  a n   a l t i t u d e   o f  35,000 feet and a f l ight  Mach number of 
0.8 are s h a m   i n   f i g u r e  5. Because a radial d i s t o r t i o n  b s  been  found 
t o  wash  out much more r a p i d l y   t h a n  a c i r c u m f e r e n t i a l   d i s t o r t i o n ,  a split- 
ter duc t  was i n s t a l l e d   t o   s e p a r a t e  the blocked  and  unblocked  port ions  of  
the i n l e t   d u c t .  The spl i t ter  duct   extended frm the s c r e e n s  t o  t h e   i n -  
le t .  guide  vanes where traversing t o t a l -   a n d   s t a t i c - p r e s s u r e   p r o b e s  w e r e  
l o c a t e d .   F i g u r e   5 ( a )  shows that the 30-pe rcen t -b lockage   r ad ia l   d f s to r -  

t i o n  vas cha rac t e r i zed  by a 21-percent rmpivpM$ abrupt change in 

t o t a l   p r e s s u r e ,  w i t h  t he   l aw-pres su re   r eg ion  at t h e  t i p  s e c t i o n  cover- 

ter  d u c t   t o   m a i n t a i n  the t o t a l - p r e s s u r e   d i s t o r t i o n   r e s u l t e d   i n  a static- 
p r e s s u r e   d i s t o r t i o n   o f   a b o u t  10 pe rcen t  a t  r a t e d   e n g i n e  speed (fig. 

d i a l   d i s t o r t i o n   v a r i e d   f r o m   3 2 5  feet  per second   i n   t he   b locked   po r t ion  
of  the inlet d u c t   t o  550 feet per   second  in  the unblocked  portion.  The 
p r e s s u r e   p r o f i l e s   o f  the 5 0 - p e r c e n t - b l o c k a g e   r a d i a l   d i s t o r t i o n  w e r e  
shilar t o  t h o s e   f o r  the 30-percent-blockage radial d i s t o r t i o n   e x c e p t  
that the low-pressure  region  covered a larger p o r t i o n  of  the i n l e t   d u c t .  
Therefore ,  the p r e s s u r e   p r o f i l e s  of the 50-percent-blockage radial d is -  
t o r t i o n  are not sham. 

- i n g   a b o u t  30 pe rcen t   o f  the inlet-guide-vane  length.  U s e  o f   t h e  sp l i t -  

z 5(b)) .  The compresso r - in l e t   ve loc i ty  with the 30-percent-blockage ra- 

Because the p r e s s u r e  loss through a sc reen  is a f u n c t i o n  of cor- 
rected air f low,  the   magni tude  of  the d i s t o r t i o n  imposed on the engfne  
by each sc reen   conf igu ra t ion  varies with cor rec ted   engine   speed .  The 

v a r i a t i o n  of p e r c e n t   d i s t o r t i o n  ~ ~ p ~ v p m i ~  with co r rec t ed   eng ine  

speed f o r  the c i rcumferent ia l   and  radial d f s t o r t i a n s  is presented  fn 
figure 6.  I n  all cases, a n   i n c r e a s e  in co r rec t ed   eng ine  speed from 
6000 t o  8300 rpm r e s u l t e d   i n   a n  increase i n  p e r c e n t   d i s t o r t i o n  from 
about 5 t o  20 pe rcen t .  .. - - 

Acce le ra t lon  Limits  

The a c c e l e r a t i o n  rate of a t u r b o j e t   e n g i n e  is g e n e r a l l y  limfted by 
compressor stall o r  excessive turbine-inlet  tempera ture .   Only   the  com- 

L p r e s s o r  stall limit w i l l  be cons idered   here in .  Same t y p i c a l   r e c o r d s  
ob ta ined   du r ing   t r ans i en t s   fo l lowing  step increases in f u e l  f low me 
p r e s e n t e d   i n   f i g u r e  7 where   t ime   h i s to r i e s  of  compressor- inlet  and 

e - o u t l e t   t o t a l   p r e s s u r e s ,   f u e l  flow, and engine  speed are shown. Because 
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o f  the i n h e r e n t  l ag  i n  the t r ans i en t   fue l - f low  in s t rumen ta t ion ,  it i a  
b e l i e v e d  that the fie1 flow more closely  approximated a step increase 
than  these r e c o r d s   i n d i c a t e .  An a c c e l e r a t i o n  free of stall is shown in 
figure 7 (a ) .  A f t e r  the fuel step was i n i t i a t ed ,   eng ine   speed   and  
compresso r -ou t l e t   t o t a l   p re s su re   ro se   smoo th ly   un t i l  fuel flaw was c u t  
back to the s t e a d y - s t a t e   v a l u e .  With s u f f i c i e n t l y  large f u e l  steps the 
compressor   p ressure . r .a t io  rises far enough  above the s teady-s ta te   oper -  
a t i n g   l i n e   t o   c a u s e  the compressor t o  stall. An example of   such a 
t r a n s i e n t  is p resen ted  i n  figure 7 ( b ) ,   i n  which the  ccrmpressor-outlet  
p r e s s u r e   i n c r e a s e d   d u r i n g  the i n i t i a l   p o r t i o n   o f  the t r a n s i e n t  t o  the 
s ta l l  p o i n t   d e f i n e d  by the first shsrp drop  i n  c o q r e s s o r - o u t l e t   p r e s -  
sure. In t h i a  example ( f i g .   7 ( b ) )  the stall p o i n t  was followed  by a 
s u r g i n g   c o n d i t i o n   i n  the engine  .charscteyiz& by a high-amplitude, low- 
f r equency   pu l sa t ion  (8 t o  10 cps) of c o m p r e s s o r - o u t l e t   t o t a l   p r e s s u r e .  
Superimposed on t h e   e n g i n e   s u r g e  is a higher frequency  pulBatiOn,  prob- 
ably caused by r o t a t i n g  stall i n  the campressor .   With  this   engine,  the 
stall p o i n t  may be followed by compressor stall without   engine  surge.  - 
Compressor s ta l l  w i t h o u t   e n g i n e   s u r g e   f o l l o w i n g   t h e  stall p o i n t  ( f ig .  
7 ( c ) )  is charac te r - ized  by a lower  amplitude and higher frequency (40 t o  
50 cps) p u l s a t i o n ,  o f .  c o w r e s s o r - o u t l e t   t o t a l   p r e s s u r e .  Compreasor stall G 

o f  this type is probably  a single-zone rotating stall. 

With u n i f o r m   i n l e t  flow the stall p o i n t  was always followed by 
engine   surge   for   cor rec ted   engine   speeds   above  6000 rpm a t  an a l t i t u d e  
of  35,000 feet and a f l i g h t  Mach number o f  0.8. Below 6000 r p m  the 
stall po in t   cou ld  be followed by either compressor stall or engine 
surge.   With the inlet f l o w   d i s t o r t i o n s   i n v e s t i g a t e d ,  the speed  range 
in which  engine  surge  fol lowed the stall p o i n t  was r e s t r i c t e d   t o  higher 
co r rec t ed   eng ine   speeds .  With c i r c u m f e r e n t i a l   d i s t o r t i o n   e n g i n e   s u r g e  
was encountered above 6500 rpm, with the 30-percent-blockage radial 
d i s t o r t i o n   s u r g e  was only encountered  above  7800 rpm. Because  both 
compressor stall and engine   surge  are i n i t i a t e d  by compressor  blade 
stall  (stall p o i n t ) ,  the  a c c e l e r a t i o n  limit will be r e f e r r e d  to as 
"stall" i n  t h i s  report. 

Compressor   Pressure  Fbt io  at S t a l l  

T h e   c a n p r e s s o r   p r e s s u r e   r a t i o  a t  stall obtained w i t h  u n i f o r m   i n l e t  
f low is p resen ted  as a func t ion  of  c o r r e c t e d   e n g i n e   s p e e d   i n   f i g u r e  8. 
f o r  the three f l i gh t  cond i t ions   i nc luded  i n  t h i s  i n v e s t i g a t f o n  . The 
steady-state o p e r a t i n g   l i n e  for each f l igh t  cond i t ion  is a l s o  a h m .  . 

A d i s c o n t i n u f t y   ( o r   k n e e )   i n  the stall  l i n e  exists at law c o r r e c t e d  
engine   speeds .  An extens ion  of the u s p e r   p o r t i o n  of the stall line from 
the knee t o  the steady-state o p e r a t i n g   l i n e  closely approximates   the 
high-speed L imi t   o f   ro t a t ing  stall. R o t a t i n g  stall of from one t o  f i v e  
zones has been  found t o  eiist in this campressor a t  low c o r r e c t e d  engine 

. 
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L speeds (ref. 5) .  The  high-speed limit o f   r o t a t i n g  s ta l l  is i n d i c a t e d  
by the shaded area on figure 8 f o r   a n   a l t i t u d e   o f . 3 5 , 0 0 0  feet. F igu re  
8 also shows that i n c r e a s i n g  the a l t i t u d e  f’rom 15,000 t o  50,000 feet 
resulted i n  a decrease  i n  t h e  cmgtressor-sta,ll p r e s s u r e   r a t i o   a n d   i n  an 
increase   o f   about  400 r p m  i n   t h e   c o r r e c t e d   e n g i n e   s p e e d  a t  which t h e  
knee in the stall  line occurred .   Because   o f   fue l -pump  l imi ta t ions ,   the  
stall l i m i t  was not determined a t  a n   a l t i t u d e   o f  15,000 feet for engine  
speeds  above the knee  i n  t h e  s tall  l i n e .  

E f f e c t   o f   c i r c u m f e r e n t i a l   d i s t o r t i o n .  - The effect of   c i rcumferen-  
tial inlet p r e s s u r e   d i s t o r t i o n  on t h e   c a m p r e s s o r   p r e s s u r e   r a t i o   f o r  
stall is p r e s e n t e d   i n  figure 9 for an a l t i t u d e  of 35,000 feet  and a 
flight Mach number of  0.8. The  compressor  pressure ratio at  stall 
based on average p r e s s u r e s  (fig. 9(a)) w&s lowered by the circumferen-  
t i a l  d i s t o r t i o n ,   a l t h o u g h   n e f t h e r  the co r rec t ed   eng ine  speed a t  t h e  

c stall-line knee nor the s t e a d y - s t a t e   o p e r a t i n g   l i n e  was a f f e c t e d .  

Wi th   c i r cumfe ren t i a l .   d i s to r t ion ,  axial-flow campressors have been 

r e a c h e s   t h e  normal s ta l l  p r e s s u r e   r a t i o  (ref. 2 ) .  T h i s  is i l l u s t r a t e d  
i n  figure 9(b) ,   where the maximum l o c a l   p r e s s u r e   r a t i o  a t  stall is  com- 
pared w i t h  the s ta l l  p r e s s u r e   r a t i o   o b t a i n e d   w i t h o u t   d i s t o r t i o n .  The 
maximum l o c a l   p r e s s u r e   r a t i o  was c a l c u l a t e d  fram mfnFrmun compressor- 
i n l e t  and   -ou t le t  t o t a l  p r e s s u r e s .  The minimum c o m p r e s s o r - o u t l e t   t o t a l  
p r e s s u r e  was only   about  2 pe rcen t  lower than  the average  and  occurred 
i n   t h e  same axial segment as t h e  minimum c o m p r e s s o r - i n l e t   t o t a l   p r e s s u r e .  

- found t o  s ta l l  when any   c f rcumferent ia l   segment  of the compressor 

E f f e c t   o f   r a d i a l   d i s t o r t i o n .  - The  30-percent-blockage radial d i s -  
t o r t i o n   d e c r e a s e d  the average compressor pressure r a t i o   f o r  s tall  at 
b o t h  35,000 and 50,000 feet as s h m  by f i g u r e s  l O ( a )  and (b) ,  respec-  
tively. I n   a d d i t i o n ,   f o r   e a c h  f l igh t  cond i t ion  the co r rec t ed   eng ine  
speed at which the knee in t h e  stall l i n e   a c c u r r e d  was i nc reased  ap- 
proximately 350 r p m  above the engine speed at  which it occurred   wi th  

u n i f o r m   i n l e t  flow. The  magni tude  of   dis tor t ion (p.mp~vpmi.) that 

c a u s e d   t h i s   s h i f t  was  o n l y  7 percent (see f ig .  6(b)). T h i s   s h i f t  i n  
co r rec t ed -eng ine   speed  at t h e   s t a l l - l i n e   k n e e   c a n  be expla ined  from 
compressor  theory.   Generally,  when a compressor is o p e r a t i n g  i n  the 
law-speed range, t h e  air f low  through  the   compressor  is l i m i t e d  by 
c h o k i n g   i n - t h e  rear stages; the chok ing   cond i t ion   fo rces  the inlet 
stages t o   o p e r a t e  a t  s t a l l i n g   a n g l e s  of  attack. As engine  speed is 
i n c r e a s e d ,   t h e   c h o k i n g   c o n d i t i o n   i n  the rear stages. of the compressor 
is r e l i e v e d  because of t h e   i n c r e a s e d  air d e n s i t y  a t  t h e  rear stages, 
t h u s   d e c r e a s i n g   t h e   a n g l e  of a t t a c k   o f  the i n l e t  stages u n t i l  at sane 
speed   t he  blades u n s t a l l .  The  low-speed stall  cond i t ion  of  t h e   i n l e t  

t i p s .  The reduct ion   of  air flow i n  this r eg ion  by t h e   r a d i a l   d i s t o r t i o n  
L. stages was c h a r a c t e r i z e d  by r o t a t i n g  stall which   acrnr red  a t  the h l a d e  
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caused the s ta l l  c o n d i t i o n   t o  persist t o  a higher   engine 
w i t h   u n i f o r m   i n l e t  flow and  hence  caused the knee   i n   t he  
occur  a t  a higher engine  speed.  

A comparison OY the compresso r - s t a l l   p re s su re - r a t io  

speed than  
stall l i n e   t o  

l i n e s   o b t a i n e d  
with the   30 -pe rcen t -   and   50 -&rcen t -b lockage   r ad ia l   d l s to r t ions  l e  pre- 
sen ted  in figure 1O(c). Because the two radial d i s t o r t i o n s   i n v e s t i -  
gated had e s s e n t i a l l y   t h e  same effect  OD the stall  p r e s s u r e   r a t i o ,  the 
r e m a i n d e r   o f . t h e   d i s c u s s l o n  ell d e a l  primarily with  the  cfrcumferen-  
t i a l  and 30-percent-blockage radial i n l e t   f l o w   d i s t o r t i o n s .  

Fue l  Flow f o r  S t a l l  

Uniform i n l e t  flow: - The maximum f u e l   s t e p  which the engine  could 
be sub jec t ed   t o   w i thou t   encoun te r ing   compresso r  stall is of i n t e r e s t  
from a con t ro l   po in t   o f   v i ew and €8 presented  i n  figure 11 f o r  uniform 
i n l e t  flow. The r e l a t i o n  between f i n a l  f u e l  flow and i n i t i a l   c o r r e c t e d  
engine  speed is shown, t o g e t h e r  w i t h  t h e  steady-state ope ra t ing ;   l i nes  
f o r  a f l i g h t  Mach number of 0.8. It can be 6een that the s t eady- s t a t e  
f u e l  flow could be more than doubled Fn a step change yf%hout caus ing  
compressor s ta l l  at any of  the   engine   speeds  or f l i g h t   c o n d i t i o n s  i n -  
v e s t i g a t e d .  An i n c r e a s e . i n   a l t i t u d e  from 35,000 t o  50,000 feet r e s u l t e d  
i n  a decrease in s t a l l - l i m i t   f u e l  flow and an. i n c r e a s e   i n   t h e   s p e e d  -. 

f o r   t h e   s t a l l - l i n e   k n e e .  

. .. . . . . . .  

Effect o f   i n l e t  flow d i s t o r t i o n .  - The effect  of   the  c i rcumferen-  
tial and the 30-percent-block%ge radial d i s t o r t i o n s  on the Atel step 
f o r  eta11 is p resen ted  i n  figure 1 2  f o r   a n   a l t i t u d e  of 35,000 %et and 
a f l i gh t  Mach number of 0.8. The c i r c u m f e r e n t i a l   d i s t o r t i o n  ( f ig .  
12(a)) had no effect  on c o r r e c t e d   s t a l l - l i m i t   f u e l  flow a t  low speede, 
but at high c a r r e c t e d  speeds f t  r e d u c e d   t h e   f u e l  flow about I 3  percerst 
f r o m  that observed with uniform inlet flow. The 30-percent-blockage 
r a d i a l   d i s t o r t i o n  ( f ig .  l 2 (b ) )  decreased the c o r r e c t e d   s t a l l - l i m i t  fuel 
flow i n  the engine  apeed  range  between 6100 and 7200 rpm as a r e s u l t  of 
t h e   s h i f t   i n   t h e  stall-line knee   bu t  had no apparent  effect a t  h i g h  
co r rec t ed   eng ine   speeds .  The co r rec t ed  stall-limit f'uel flow was the 
same, wi th in   expe r imen ta l  scatter, f o r  the . .  . - two 1 r a d i a l  - ..,. d i s t o r t i o n s  
Inves t iga t ed .  

Maximum Accelera t ion  Rate 

Uniform i n l e t  flow. - The maximum a c c e l e r a t i o n  rate of the engine 
occurred  about  100 rpm after t h e  Fuel s t e p  was i n i t i a t e d   a n d  was calcu- 
lated f'rm the s l o p e  o f  the  engine-speed trace. The accuracy of t h i a  
method of' de t e rmin ing   acce le ra t ion  ra te  is  o f  the. order- of LLO percen t  
A p l o t  of cor rec ted   maxhum  acce lera t ion  ra te  as a func t ion  of c o r r e c t e d  
engine  speed is presented  in f i g u r e  13 for the uniform-inlet-flow  con- 
f i g u r a t i o n  at  an a l t i t ude  of 35,000 feet and a flight Nach number o f  

v 
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0.8. The stall-limited a c c e l e r a t i o n   l i n e   r e p r e s e n t s  the h i g h e s t  maxi- 
mum a c c e l e r a t i o n  rate ob ta ined   w i th  stall-free fuel steps. Lines  of 
c o n s t a n t   c o r r e c t e d   f u e l - s t e p   s i z e  were c r o s s - p l o t t e d   o n t o   t h i s  f-re 
from p l o t s   o f   c o r r e c t e d  maximum a c c e l e r a t i o n  rate a g a i n s t   c o r r e c t e d  
f u e l - s t e p  size f o r  several cor rec ted   engine  speeds. A maxirmun cor -  
rected a c c e l e r a t i o n  rate of 2500 r p m  per second was obtained a t  a cor- 
rected engine  speed of 7400 r p m .  

” 

E f f e c t  of inlet  flow d i s t o r t i o n .  - The effect of the ctrcumferen-  
tial and  30-percent -b lockage- rad ia l   d i s tor t ion6  on the sWl-limited 
maximum a c c e l e r a t i o n  rate is p r e s e n t e d   i n   f i g u r e   1 4   f o r  a n  a l t i t u d e   o f  
35,000 feet and a f l i g h t  Mach number of 0.8. The effect of  the d i s t o r -  
t i o n s  on s t a l l - l i m i t e d  maximum a c c e l e r a t i o n  rate is s h i l a r  t o  the 
effect o f   d i s t o r t i o n  on stall-limited fue l  flow. The c i r c u m f e r e n t i a l  
d i s t o r t i o n   d e c r e a s e d   s t a l l - l i m i t e d  maximum a c c e l e r a t i o n  rate at  h igh  
cor rec ted   engine  speeds, whereas the greatest effect of  the 30-percent- 

in the s ta l l  l i n e .  A t  the s t a l l - l i n e   k n e e  (6550 rpm) the t o t a l - p r e s s u r e  
v a r i a t i o n  of  t h i s  r a d i a l   d i s t o r t i o n  was only abaut 7 percent ,  but the 
stall-limited maximum a c c e l e r a t i o n  rate o f  the engine was reduced by 
about  50 pe rcen t .  

- b l o c k a g e   r a d i a l   d i s t o r t i o n   o c c u r r e d  a t  co r rec t ed   speeds   nea r   t he   knee  

L 

For stall-free fuel steps the c o r r e c t e d  maximum a c c e l e r a t i o n  rate 
of  a tu rbo je t   eng ine   can  be c o r r e l a t e d  wlth the fuel-step parameter 
AWf/N8 der ived  i n  r e f e r e n c e  4 .  The v a r i a t i o n  of c o r r e c t e d  maximum 
a c c e l e r a t i o n  rate w i t h  the f u e l - s t e p  parameter is p resen ted  in  figure 
15 f o r  the uniform inlet  flow, the 30-percent-blockage radial, and the 
c i r c u m f e r e n t i a l   c o n f i g u r a t i o n s  at an a l t i t u d e   o f  35,000 feet and a 
f l ight  Mach number of  0.8. me d a t a   f o r   t h e  three conf igu ra t ions  fa l l  
wi th in  a &LE-percent scatter band.  Because the probable   accuracy   of  
the measured   acce lera t ion  rate is  only about  &LO percen t ,  no e f f e c t  of 
i n l e t  flow d i s t o r t i o n  on t h e  stall-free maxfmum a c c e l e r a t i o n  rate could  
be de tec t ed .  

SUMMARY OF RESULTS 

A s i n u s o i d a l   c i r c u m f e r e n t i a l   i n l e t  flow d i s t o r t i o n  and t w o   r a d i a l  
t i p   f l o w   d i s t o r t i o n s  were in t roduced  a t  the - i n l e t   o f  a J65-B-3 t u r b o j e t  
engine.  A l l  the i n l e t   f l o w   d i s t o r t i o n s   i n v e s t i g a t e d   h a d  variations of  
i n l e t   t o t a l   p r e s s u r e  of about  20 p e r c e n t  at rated cor rec t ed   eng ine  
speed. 

The c i r c u m f e r e n t i a l   d i s t o r t i o n   d e c r e a s e d  the compressor -s ta l l  - p r e s s u r e   r a t i o ,  the s i z e   o f   t h e   f u e l - f l a w   s t e p   r e q u i r e d   f o r  st&Ll, and 
the s t a l l - l i m i t e d  maximum a c c e l e r a t i o n  rate, primarily a t  high cor-  
r ec t ed   eng ine   speeds .  The r a d i a l   d i s t o r t i o n s   d e c r e a s e d   t h e s e  ., 
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parameters   prFmari ly  i n  the cor rec ted   speed   range  where t h e   k n e e  i n  the 
stall  l i n e   o c c u r r e d .  I n  t h i s   s p e e d   r a n g e   t h e   i n l e t   r a d i a l   p r e s s u r e  
d i s t o r t i o n  was about  7 pe rcen t .  This relatively small radial dis ta r -  
t i on   i nc reased   t he   h igh - speed  limit of r o t a t i n g  stall from 6200 to .6550 
rpm  and r e s u l t e d  i n  a 50-percent   reduct ion i n  t h e   s t a l l - l i m i t e d  maxi- 
mum a c c e l e r a t i o n  rate of the engine a t  6550 rpm . 

For fuel s t e p s  less t h a n  that r e q u i r e d  t o  stall t h e . e n g i n e ,   t h e  
maximum a c c e l e r a t f o n  rate obtained  during a t r a n s i e n t  was found t o  be 
independent of t h e  inlet flaw d i s t o r t i o n s   i n v e s t i g a t e d .  

Lewls  Flight Propulsion Laboratory 
Nat ional   Advisory Canrmittee for Aeronaut ics  

Cleveland, Ohio, June 23, 1955 
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APPENDIX - SYMBOLS 
The fo l lowing  symbols a r e  used i n  t h i s   r e p o r t :  

w engine  speed,  rpri 

N’ maximum a c c e l e r a t i o n  rate of eng ine   fo l lowing  step i n c r e a s e  i n  
fuel   f low,   rpm/sec 

w 
cn 
0 
4 P t o t a l   p r e s s u r e ,  lb/sq f t  abs 

p . static p res su re ,  ~ b / s q  ft abs 

Wf f u e l  f low, lb/hr 

* AWf change in f i e1  flow d u r i n g   t r a n s i e n t ,  lb/hr 

6 a r e a - w e i g h t e d   a v e r a g e   i n l e t   t o t a l   p r e s s u r e   d i v i d e d  by NACA 

e i n l e t   t o t a l   t e m p e r a t u r e   d i v i d e d  by EACA s t anda rd  sea-level 

Ld 

2- 
s tandard  sea-level p r e s s u r e  

N 
I t q e r a t u r e  

S u b s c r i p t s  : 

2 m e a s u r i n g   s t a t i o n  19- i n .  ahead of i n l e t   g u i d e   v a n e s  

3 compresso r   ou t l e t  

5 
8 

av area-weighted -average 

min minimum 
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(a> 3~~~ercent-blockage radial astortion. 
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900 

(b ) Circumferential d i s  tortl on. 

Figure 2. - Screen  placement for W e t  air d i s t o r e o n s  (viewed 
dowwtream) . 
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Station 2, circumferential ’ 
distortion 

0 Total pressure 
= Stetic pressure (wall) 
0 Transient  total  preeaure 

Station 3 

Figure 3. - Instrumentation. (All instrumentation  sketches  viewed  downstream; no scale.) 
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(a) Total-preseure etation 2. 

1.10 

1-00 

I 
Circumferential- 

.90 
160 zoo 240 280 320 360 4m 

Circumferential position, deg 

(b) static-pressure s t a t i o n  2. 

Figure 4. - Pressure profiles for circumferential inlet flow dietortion. 
Altitude, 35,000 feet; flight Mach number, 0.81 corrected englne aped, 
8300 rpn. 
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(a) Total pressure. 

20 40 60 80 
Percent  passage depth at  inlet  guide  vanes 

(b) Static  pressure. 

Figure 5. - Pressure profiles for 30-percent-blockage radial 
distortion.  Inlet-guide-vane  surveyi  altitude, 35,000 feetj 
flight Mach number, 0.81 corrected engine speed, 8300 q m .  
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Y en 
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5000 6000 7000 8000 9000 

Corrected engine speed, N / d ;  rpm 

(a) Circumferential distortion; altitude, 35,000 feet. 

Figure 6 .  - Variatlon of percent inlet total-pressure 
distor t ion with corrected engine speed.  Flight Mach 
number, 0.8. 
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(b) 30-Percent-blockage radial distortion. 
30 

20 

10 

0 
5000 6wo 7000 8ooo 9000 

Corrected engine speed, N/@, rpm 

(c) 50-Percent-blockage radial distortion;  altitude, 

Figure 6..- Concluded. Variation of percent inlet 
total-pressure distortion with corrected engine 
speed. Flight Mach number, 0.8. 

35,000 feet. 
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(b) 30-Percent-blockage radial distortion; altitude, 50,000 feet. 

Figure 10. - Continued. Effect of radial distortion OR compressor-stall  pressure  ratio. 
Flight Mach number, 0.0. 
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Figure 15. - Marlmum acceleration rate fol lowing fuel step.  Unifom inlet f l o v ~  
altitude, 35,000 feet; flight Mach number, 0.8. 
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Figure 14. - Effect of inlet flow distortion on s ta l l - l imi ted  maximum accelera- 
t i on  rate of e w e .  Altitude, 35,000 feetj  f l i g h t  Mach number, 0.8. 
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Figure 15. --.Effect of inlet f low distortion on maximum acceleration  rate 
of engine.following any stall-free fuel etep.  Altitude, 35,000 feet) 
flight Mach number, 0.8. 
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